Exposing primary cultures of cerebellar granule neurons to 100 nM phorbol 12-myristate 13-acetate (PMA) for 24 hr decreases the Ca2+/phosphatidylserine/ diolein-dependent protein kinase C (PKC; ATP:protein phosphotransferase, EC 2.7.1.37) by -90% in the 100,000 X g supernatant and pellet fractions of neuronal culture homogenates, Immunoblot analysis ofthe homogenates with polyclonal antibodies raised against either the a-type PKC peptide or total rat brain PKC reveals a virtual loss of 78-kDa PKC immunoreactivity in the supernatant and a marked decrease of PKC immunoreactivity in the pellet. Exposure of the cultures to 50 ,uM glutamate for 15 min (no Mg2+) induces the translocation of supernatant PKC immunoreactivity to the pellet. Such translocation persists after glutamate withdrawal and is followed by a progressive increase in neuronal death, which begins 2 hr later. Neuronal death approaches completion in about 24 hr. PMA-induced down-regulation of PKC decreases glutamate-elicited neurotoxicity. Yet, the culture exposure to 100 nM PMA fails to decrease the high-affinity binding of [3Hlglutamate to neuronal membranes and does not reduce glutamate-induced activation of ionotropic or metabolotropic receptors (assayed as total membrane current measured in whole-cell voltage-clamped neurons, 4Ca21 uptake in intact monolayers, inositolphospholipid hydrolysis, and transcriptional activation and translation of c-fos mRNA). Moreover, the immediate cell-body swelling and activation of spectrin proteolysis elicited by glutamate remain unchanged. On the other hand, PMA-induced PKC down-regulation reduces any increase in 45Ca2+ uptake or Ca2+-dependent proteolysis (measured as spectrin degradation) after glutamate withdrawal. These results support the view that PKC translocation is operative in glutamate-induced destabilization of cytosolic ionized Ca2+ homeostasis and neuronal death. (2, 3, 7, 8 (9).
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N-Methyl-D-aspartate-and kainate-sensitive glutamate receptors mediate a Ca2l-dependent neuronal death in primary cultures of rat brain neurons (1) (2) (3) (4) (5) . Under physiological conditions, a number of regulatory mechanisms maintain the neuronal concentrations of ionized cytosolic Ca2+ ([Ca2+ I) below 0.1 p.M (6) . However, after abusive glutamate receptor stimulation, destabilization of [Ca2+]J homeostasis and sustained activation and translocation (from the cytoplasm to the membranes) of Ca2+/phospholipid-dependent protein kinase C (PKC; ATP:protein phosphotransferase, EC 2.7.1.37) appear to be the relevant rate-limiting amplification events leading to neurotoxicity (2, 3, 7, 8) . Inhibition by natural gangliosides (2, 3) and their semisynthetic derivatives (9) (9) .
In the present paper we have marshalled several indirect lines of experimentation that corroborate the relevancy of sustained PKC translocation to the mediation of glutamate neurotoxicity. Since prolonged treatment with phorbol esters down-regulates PKC (10) (11) (12) (13) (14) were used for the experiments after 8-9 days in culture. Viability was estimated with the fluorescein diacetate/propidium iodide staining method (2, 3, 15 (21) .
Quantitation of Proteolysis. Degradation of brain spectrin (fodrin) by calpain I was determined in cultures homogenized in Ca2l-free (+1 mM EGTA) Locke's solution by a quantitative immunoblotting method (described above for PKC analysis) using polyclonal antibodies directed against rat brain a spectrin (22, 23) .
c-fos-Like Immunoreactive Proteins. Cultures were immunostained as described (2) with polyclonal rabbit c-fos peptide antiserum (1:750 dilution) (ref. 24 ; a gift from M. J. Iadarola). The bound antibody was detected by the streptavidin-biotin system (Zymed Laboratories) (25) .
Measurement of c-fos mRNA. Cultures were lysed in 5 M guanidinium isothiocyanate solution containing 100 mM Tris HCI and 1 mM EDTA (pH 7.4). The ethanol-precipitated total cellular RNA was electrophoretically size-fractionated, transferred to nitrocellulose filter, and hybridized at 42°C for 24-36 hr with the 32P-labeled c-fos probe (26) at 1-2 x 10-6 cpm/ml. After determination of the density, the blots were washed and rehybridized with the j3-actin cDNA probe (27) . The amount of c-fos mRNA was quantified by densitometric analysis of autoradiograms. The variation in the amount of poly(A)+ RNA loaded on the gel was monitored and corrected by the intensity of the densitometric signal produced by the P3-actin mRNA hybridization (28) .
PMA Treatment. A stock solution of PMA was prepared in dimethyl sulfoxide, and 2 ,ul of the solution (or vehicle) was added directly to the culture dish containing 2 ml of culture medium.
RESULTS PMA-Induced Down-Regulation of PKC. In culture of cerebellar granule neurons homogenized in Ca2l-free Locke's buffer containing 2 mM EGTA, -68% of the PKC activity is located in the 100,000 x g supernatant fraction ( Table 1) . Treatment of the cultures for 15 min with 100 nM PMA reduced the PKC activity by 55% in the supernatant and by 20% in the pellet fraction (Table 1) . In contrast, after 24 hr of exposure to 100 nM PMA, only 12% and 8% of control PKC activity remained in the supernatant and in the pellet fraction, respectively (Table 1) . Such a large decrease of neuronal PKC activity was associated with a moderate (20-30%6) decrease of the neuronal phosphorylating activity measured in the absence of Ca2+, phosphatidylserine, and diolein (basal PKC activity) ( Table 1 ). The PMA-induced decrease of PKC activity was dose dependent (Table 2 ). Immunoblot analysis with antibodies that recognize 8 PKC shows a complete disappearance ofthe 78-kDa PKC immunopositive band from the supernatant fraction and a large (70%) reduction of the same band in the pellet fraction after 24 hr of exposure to 100 nM PMA (Fig. 1) . Similar results were obtained when the same samples were immunoblotted in parallel with an antibody raised against a mixture of rat brain PKC isozymes (a, (, and y) (17) . Immunoblots prepared from granule neurons treated with 100 nM PMA for various periods oftime revealed an initial (within minutes) marked translocation ofthe 78-kDa PKC band from the supernatant to the pellet fraction (Fig. 1 ). This translocation was followed in a few minutes by a Proc. Nad. Acad progressive decrease of the PKC immunoreactivity content in the pellet and in the supernatant fraction (Fig. 1) . Fig. 1 shows that, in addition to the 78-kDa PKC immunoreactive band, the antibodies raised against f PKC recognize a minor 45-kDa immunopositive band, presumably the PKC catalytic fragment (17) . This 45-kDa fragment disappeared completely from the supernatant but not from the pellet fraction of neuronal culture homogenates treated for 24 hr with PMA ( Fig. 1) .
Protection from Glutamate-Induced Toxicity in Cerebellar Granule Neurons Pretreated with PMA. Exposure of control cultures for 15 min to 50 ,uM glutamate in Mg2+-free Locke's buffer resulted in a decrease of the 78-kDa PKC immunoreactivity of the supernatant and in an increase of that of the pellet fraction, indicating that translocation of PKC had occurred (Fig. 2) . This translocation persisted after the withdrawal ofglutamate from the incubation medium (Fig. 2) . c-fos expression. Exposure of control cultures to 5 ,uM glutamate or 100 nM PMA for 60 min elicited the appearance of c-fos-like immunoreactive proteins in nuclei (Fig. 3) . Pretreatment of cultures for 24 hr with 100 nM PMA did not affect the basal c-fos-like immunoreactivity; however, it inhibited the ability of a 60-min PMA challenge but not that of 15-min glutamate exposure to stimulate expression of c-fos-like immunoreactive proteins (Fig. 3) . Similarly, c-fos mRNA level increased dramatically (peak effect within 1 hr) in control cells after a 15-min application of glutamate (increase to 600% of control) or 60-min exposure to 100 nM PMA (increase to 1500% of control); however, in cells pretreated for 24 hr with 100 nM PMA, only glutamate increased the c-fos mRNA level (c-fos mRNA after PMA pretreatment = 95% of control, after PMA pretreatment + 15-min glutamate exposure = 650%o of control, and after PMA pretreatment + a 60-min PMA challenge = 110% of control).
Glutamate-stimulated uptake of 45Ca2+. Glutamate induced a rapid increase in the 45Ca2+ uptake, which reached plateau values in =15 min (170 nmol/mg of protein). Pretreatment with PMA slightly delayed the onset and reduced the initial rate of glutamate-stimulated 45Ca2+ uptake; however, it changed neither the basal nor the maximal stimulation of 45Ca2+ uptake elicited by glutamate. After glutamate removal from the culture medium 45Ca2+ uptake remained elevated in untreated cultures but not in those pretreated with PMA for 24 hr (Fig. 4) .
Glutamate-Stimulated Ca2+-Dependent Proteolysis of Spectrin in Cells Pretreated with PMA. Exposure of neuronal cultures to 50 ,uM glutamate for 15 min increased the content of the 140-to 150-kDa immunoreactive a-spectrin fragments (Fig. 5) . Pretreatment of the neuronal cultures with 100 nM PMA for 24 hr failed to change the increase in spectrin proteolysis induced by glutamate (Fig. 5) . When cultures were washed (three times with Locke's buffer) at the end of a 15-min exposure to glutamate and then incubated for the next 30 min in a glutamate-free buffer, the production of the 140-to 150-kDa spectrin fragments continued to increase. PMA pretreatment prevented the sustained increase of spec- were incubated for 15 min at room temperature (22°C) with 50 ,uM glutamate in Mg2"-free buffer. Thereafter cultures were returned to the culture-conditioned medium and 37°C. The 45Ca2+ uptake was measured by adding 45Ca2+ 90 min after termination of the 15-min glutamate pulse. Results are means ± SEM of at least six experiments. *, P < 0.05 when compared with glutamate-treated control cultures.
trin degradation after glutamate withdrawal from the cultures (Fig. 5 (31) . PKC a isozyme is less susceptible to phorbol ester-induced down-regulation than is the 3 isozyme (11, 12 (32) .
The activation of a Ca2+-dependent protease (calpain I) seems to be specifically involved in excitatory amino acidinduced neurotoxicity (22, 23 
